Peripheral nerve fibers can be excited,as is well known,by a variety of chemical stimulants.The simplest and most extensively studied form of chemical stimulant is lowering of the divalent cation concentration in the surrounding medium (see ARVANITAKI,1939; BRINK et al.,1946) .Initiation of action potentials by a chemical stimulant is always preceded by the appearance of oscillatory subthreshold responses.The amplitude of these oscillatory responses is known to vary with time in an apparently irregular manner,although the frequency of oscillation is more-or-less fixed under given experimental conditions (ARVANITAKI,1939; INOUE et al.,1973 
RESULTS
1. The amplitude and peak frequency of oscillatory miniature responses In freshly excised squid giant axons immersed in normal sea water,extremely small signals with a frequency of about 150 Hz were often observed with a recording electrode inserted into the interior of the axon.When such a small signals was photographed, the intracellular electrode was withdrawn from the axon interior and another spectral record was taken with the recording tip of the electrode immersed in the sea water outside the axon.An example of such superposed photographs is reproduced in Fig.1 (see Record A).Since the frequency of the signals arising from these axons was always very close to that of much larger responses observed in media with a reduced divalent cation concentration, it was inferred that these small signals represent physiologically significant responses of the giant axon.
When the divalent cation concentration of the external medium was reduced by a factor of 3 to 6 by mixing normal sea water with an isotonic NaCl solution, there was always a gradual increase in the amplitude of the signal at about 150 Hz.
(This procedure brought about no detectable fall of the membrane potential.) During the course of 10 to 30 min after application of a salt solution with a reduced divalent cation concentration, the amplitude of the signal was found to increase period,both the peak-frequency and the bandwidth of the spectrum remained almost unaltered.However,the irregularity of the spectrum,which was frequently seen when the signal amplitude was very small(see Record C in Fig.1 ),was found to decrease with increasing signal amplitude.This irregularity can easily be understood if one assumes that these signals are developed by a small number of excitable sites in the axonal membrane. Top:A schematic diagram illustrating the experimental setup used:AXON represent a giant nerve fiber of the squid;P-A, a preamplifier with a high input impedance: S-A,a spectrum analyzer.Bottom:Four examples of oscillatory miniature responses. In each record,a spectrum was superposed which was taken with the recording electrode withdrawn from the interior of the nerve fiber and kept in the external medium. Record A was taken from an axon immersed in artificial sea water;note the existence of a small separation between the two oscillograph traces at about 150Hz.Records B,C,and D were obtained from axons immersed for 10-20min in a medium consisting of one part sea water and three parts isotonic NaCl solution.
As can be seen in the examples of the records furnished in Fig.1 ,the peak frequency of the spectrum did not vary appreciably among the axons examined. In almost all of the axons examined,it was found to be in the range between 140 and 190Hz.The half-bandwidth of the spectrum was generally between 60 and 100Hz.These spectra indicate that the frequency of the responses developed at individual sites in the membrane varies considerably from site to site.
When giant axons were kept in a medium with a reduced divalent cation con- Spectra showing the effect of temperature changes on the oscillatory miniature responses.The records on the left were taken from an axon immersed in a medium containing 7mM CaCl2 and 519mM NaCl.For the righthand records,the external medium was a 1:3 mixture of normal sea water and isotonic NaCl solution.The three vertical scales indicate how much the spectra in each record is displaced. 3. The effects of application of the salt of potassium ions The effects of various cations were tested by using squid axons immersed in a mixture of isotonic solutions of NaCl and CaCl2(see METHODS).Oscillatory miniature responses were found to develop gradually when the Ca-ion concentration in the mixture was less than about 15mM.In axons developing miniature responses,replacement of a large portion of the Na-ions with an equivalent amount of potassium brought about a large change in the spectrum,usually a sudden increase in amplitude followed by a loss of the signal.These results were poorly reproducible.
Highly reproducible results were obtained when axons immersed in a medium with a relatively high Ca-ion concentration were employed.In a medium of which the Ca-ion concentration was 20mM or slightly more,giant axons did not develop oscillatory responses spontaneously,although they remained highly excitable. Under these conditions,addition of a small amount of KCl to the external medium immediately evoked miniature responses.The result was quite reproducible when the external KCl concentration was raised quickly from zero to about 25mM with the CaCl2 concentration kept constant.The potential difference across the axonal membrane(measured with a glass-pipette electrode filled with isotonic KCl solution)was reduced by a few mV under these circumstances.
An interesting aspect of the effects of KCl introduced into the external medium is that the response amplitude falls gradually after reaching a maximum.In some Fig.3 instances,it took more than 20 sec to reach a maximum;probably this delay is caused by the process of diffusion of K-ions through the adherent tissue outside the axon.The responses were found to disappear almost completely within 4-5 min after KCl application.At this moment,the ability of the axon to develop full-sized action potentials was markedly depressed.
Another interesting feature of the action of K-ions is the finding that the power spectrum of the responses induced was markedly asymmetric with respect to the vertical line drawn through the peak-frequency.An example of such highly asymmetric spectra is shown in Fig.3,left; it is seen in the figure that signal extends widely toward the high frequency side of the peak.Similar asymmetric spectra were encountered when Rb-or Cs-salts were used instead of K-salt(see later).
It is also interesting to note that the miniature responses evoked by external application of KCl could be suppressed by tetrodotoxin at a concentration sufficient to block full-sized action potentials(see trace 3 in Fig.3,right) .In this respect, the oscillatory responses evoked by KCl is not very different from those induced by other chemical means.
Oscillatory responses evoked by electric currents
The oscillatory responses described above were all induced chemically,namely, without using electric stimuli.The following observations show that application of electric current to the axonal membrane is a very effective means of evoking oscillatory miniature responses.
The experimental setup used in this series of experiments is illustrated schematically by the diagram in Fig.4 ,top.Into a giant axon mounted horizontally in a Lucite chamber,a pair of glass cannulae filled with isotonic KCl solution(C in the figure)was introduced.One of the cannulae was slightly(approximately 4mm)shorter than the other.The electrode for recording oscillatory responses (R in the figure)was then introduced into the axon at the other end in such a manner that the tip of the recording electrode was located midway between the two tips of the cannulae.The d.c.resistance of each of the cannulae(with a chloridized silver wire inside)was 3-4 megohms.By connecting a high resistance in series with each of these electrodes,the difference in the current intensity through the two electrodes was eliminated.This electrode arrangement was adopted in order to minimize the potential gradient around the tip of the recording electrode.
The external fluid medium used in these experiments contained approximately 20mM CaCl2 and 500mM NaCl.No clear sign of oscillatory responses were observed in axons immersed in this medium.A battery(45V)and a potentiometer connected between the current electrodes and ground were used to apply currents to the axon.To eliminate the large transient variation in the membrane potential, the intensity of the applied current was increased gradually during a period of approximately 4 sec(see METHODS).
It was shown by this method that passage of an outwardly directed current was a slight rise in the peak-frequency as the current intensity was raised. An important feature of the miniature responses induced by an outwardly directed membrane current is that the response amplitude decayed gradually with time when the current intensity was kept constant.Under the conditions of the present experiments,the time constant of this decay was of the order of 1min. This decay of the response amplitude was associated with a slight broadening of the spectrum.(Under the present experimental conditions,the rate of growth of the response could not be determined because of the gradual rise in the current intensity and the time required for averaging the signals.)
In axons that were not developing detectable miniature responses,application of an inwardly directed current to the membrane did not produce any visible effect.
In axons generating distinct oscillatory responses,however,application of an inwardly directed current reduced or completely suppressed the responses.Under these circumstances,withdrawal of the applied current produced a transient increase in the response amplitude.When the applied inward current was strong enough,full-sized action potentials could be released immediately after the withdrawal of the applied current.
The apparent d.c.resistance of the axonal membrane under these conditions was estimated both by measuring the potential jump generated by a constant current pulse and by impedance measurements with low frequency a.c.The proportionality coefficient between the current intensity and the change in the membrane potential was,according to the present estimation,between 5 and 6 kilohms.From this it follows that the electric current used in the experiments described above produced sizable changes in the membrane potential.However, the change in the membrane potential per se may not be the cause of the production of the responses,since similar responses could be evoked in the absence of any membrane potential change.
The effects of cesium,rubidium,lithium and procaine
The effects of alkali metal ions(other than sodium and potassium)were examined by replacing NaCl in the surrounding medium with the equivalent amount of CsCl,RbCl or LiCl.During this procedure,the concentrations of other ions in the medium(divalent cations,anions,hydrogen ion and tris buffer)were kept unaltered.
An example of the results obtained with cesium is presented in Fig.5 ,left. The axon under study was immersed in a mixture of isotonic solutions of NaCl and CaCl2(see the figure legend).At the time when the axon was developing relatively small oscillatory responses,10-20% of the total Na-ion was replaced with Cs-ion.This replacement brought about a distinct increase in the response amplitude accompanied by broadening of the spectrum and lowering of the peakfrequency.In some instances,full-sized action potentials were released at the peaks of large subthreshold responses.As in the case of KCl,there was a gradual decay of the responses during the course of 1-2 min after replacement of CsCl for NaCl.The results obtained from 9 different axons were all quite consistent. In each of these axons,the effects mentioned above could be demonstrated for several times.
The effect of substitution of Rb-ions for Na-ions were examined by the same procedure using 4 different axons.The results obtained were very similar to those for K-ions.
The results obtained with Li-ions were very different from those with other cations.It was found that substitution of 20-30% of the external Na-ions with Li-ions almost completely suppresses the miniature responses generated in a medium with a reduced divalent cation concentration(see Fig.5,middle) .This suppression was observed in all(9)axons examined .When the Li-ions in the medium were replaced with Na-ions,the responses reappeared immediately.A similar suppressive action of Li-ions was observed previously by OzEKI et al .(1966) .
The effect of procaine hydrochloride on oscillatory miniature responses was examined on 5 different axons.In the range of concentration sufficient to block production of action potentials,the miniature responses were suppressed completely.This effect was almost completely reversible(see Fig .5,right) . 
DISCUSSION
The afore-mentioned signals recorded from squid giant axons by the use of a real-time spectrum analyzer are extremely small in amplitude.It seems worthwhile, therefore,to show that these signals are not mere electric artefacts.One of the problems encountered in the present studies was how to reduce the artefacts arising from the power supplies at frequencies of 60 Hz and its integral multiples . A purely sinusoidal potential variation generates a sharp vertical line in the spectrum.In fact,such sharp vertical lines are recognizable in all the records presented in this paper.However,the spectra of signals under study are much broader and can easily be distinguished from the artefacts arising from the power supplies. Furthermore,a comparison of the spectra obtained with the recording electrode in and outside the axon(see Fig.1 )serves to identify the Fourier components of the non-axonal origin.Finally,the effects of various pharmacological agents (tetrodotoxin,tetraethylammonium,procaine,etc.) Fig.1,C) ,although the overall power distribution is roughly Lorentzian.(An explanation of the Lorentz formula in physics may be found, for example,in an article by VAN VLECK and WEISSKOPF(1945) or in a book by FRAUENFELDER(1963) .)This fact suggests that the number of membrane sites involved is very small and the frequency of repetition varies to some extent from site to site.The present technique does not permit direct analysis of the timecourse of the responses at individual sites because of the long time-constant of the axonal membrane at rest. It is important to note that development of oscillatory miniature responses induced by a reduction in the external divalent cation concentration(see Fig.1 ) is not associated with any detectable fall in the electric(d.c.)potential difference across the axonal membrane.In other words,these responses are not triggered by a rise in the intracellular potential.The experimental findings described in this paper can readily be interpreted on the basis of the macromolecular theory in which conformational changes of the membrane macromolecules are assumed to be induced by an exchange between divalent and univalent cations within the macromolecules (TASAKI,1968) .The negative fixed charges of the macromolecules are neutralized,in the resting state,predominantly by divalent cations(Ca-ions),and replacement of a certain fraction of these divalent cations with alkali metal ions brings about a sudden conformational change of the macromolecules.A jump in the e.m.f.at the sites is regarded as the physico-chemical consequence of such a conformation change.The experimental findings described under Results indicates ability of alkali metal ions to displace Ca-ions decreases in the following order:
The finding that outwardly directed currents through the membrane evoke oscillatory miniature responses offers a basis for bridging the macromolecular theory with the ionic(equivalent circuit)theory of HODGKIN and HUXLEY(1952) . Since the cation present in the axoplasm are predominantly K-ions,transport of these cations is expected to bring about a transition of the macromolecules from the resting to the excited state conformation.Note that K-ions have the strongest tendency to displace Ca-ions.A gradual decrease in the response amplitude under a continuous action of K-ions(see Figs.3 and 4) may be attributed to a large increase in the fraction of the sites in the excited state resulting from irregular (asynchronous)transitions.Note that the spectra shown in Figs. 3,left and 4,top, are very broad.The processes that determine the frequency of miniature responses are not altogether clear at present.An investigation into these processes is now in progress.
The experimental results described in this paper show that the use of chemical stimulants and a real-time spectrum analyzer is a new means of studying properties of the excitable sites in the axonal membrane.One might say that the results obtained have thrown some new light onto the old problems in neurophysiology, such as para-resonance (MONNIER,1933) and accommodation (NERNST,1908) , as well as onto the new problems,such as membrane noises in the squid axon membrane (FISHMAN et al.,1975; CONTI et al.,1975) .It seems possible that this experimental technique is applicable to studies of excitable systems other than squid giant axons.
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